Purkinje cells have two action potentials: Climbing fiber responses (CFRs) and simple spikes (SSs). CFRs reflect the discharge of a single climbing fiber at multiple synaptic sites on the proximal dendrite of the Purkinje cell. SSs reflect the summed action of a subset of parallel fiber synapses on Purkinje cell dendritic spines. Because mossy fiber afferents terminate on granule cells, the ascending axons of which bifurcate, giving rise to parallel fibers, the modulation of SSs has been attributed to mossy fiber afferent signals. This inference has never been tested. Conversely, the low discharge frequency of CFRs has led many to conclude that they have a unique and intermittent role in cerebellar signal processing. We examine the relative potency of vestibularly modulated mossy fiber and climbing fiber signals in evoking CFRs and SSs in Purkinje cells of the uvula-nodulus in chloralose-urethane-anesthetized rabbits. Vestibular primary afferents were blocked by unilateral labyrinthectomy (UL). A UL destroys the vestibular primary afferent signal to the ipsilateral uvula-nodulus, while leaving intact the vestibular climbing fiber signal from the contralateral inferior olive. After UL, vestibular stimulation modulated CFRs and SSs in ipsilateral uvula-nodular Purkinje cells, demonstrating that the primary vestibular afferent mossy fiber input to the ipsilateral uvula-nodulus was not necessary for SS modulation. Unilateral microlesions of the caudal half of the ␤-nucleus of the inferior olive reduced a modulated climbing fiber signal to the contralateral uvula-nodulus, causing loss of both vestibularly modulated CFRs and SSs in contralateral Purkinje cells. Vestibular climbing fibers not only evoke low-frequency CFRs, but also indirectly modulate higherfrequency SSs. This modulation must be attributed to cerebellar interneurons. Golgi cell inhibition of granule cells may provide the interneuronal mechanism for CFR-induced SS modulation.
Introduction
Cerebellar Purkinje cells have two action potentials: Climbing fiber responses (CFRs) and simple spikes (SSs). CFRs are longduration (2-5 msec), multipeaked action potentials that discharge at 1-5 impulses (imp)/sec. They are evoked by the multisynaptic contacts of a single climbing fiber on the proximal dendrite of a Purkinje cell (Granit and Phillips, 1956; Eccles et al., 1966a) . SSs have short-duration (0.75-1.25 msec), single-peaked action potentials that discharge at 20 -60 imp/sec.
Whereas modulation of CFRs reflects the direct action of a single climbing fiber, modulation of SSs is less well understood. Several synaptic inputs, parallel fibers being the most numerous, converge on Purkinje cells. The net excitability evoked by these inputs modulates SSs. The activity of parallel fibers reflects the excitability of mossy fiber synaptic terminals at glomerular synapses on granule cell dendrites. The other presynaptic component of the glomerular synapse, the Golgi cell inhibitory axon terminal, also modulates the activity of granule cells (Eccles et al., 1966b) .
The activity of Purkinje cells of the cerebellar-nodulus is strongly influenced by vestibularly driven climbing fiber inputs. Vestibularly evoked increases in CFRs are associated with decreases in SSs (Barmack and Shojaku, 1995; Fushiki and Barmack, 1997) . Even during spontaneously occurring CFRs, the duration of this climbing fiber-induced pause lasted 15-300 msec (Granit and Phillips, 1956; Bell and Grimm, 1969) . The question arises, could the antiphasic activity of CFRs and SSs be attributed to independent mossy and climbing fiber pathways? Afferent signals in these separate pathways could themselves be antiphasic, resulting in the observed antiphasic behavior of CFRs and SSs. Alternatively, vestibular signals conveyed by climbing fibers could modulate the discharge of SSs indirectly through the action of cerebellar interneurons.
If it were possible to manipulate independently the signals conveyed by climbing and mossy fibers, then their separate and joint contributions to the modulation of SSs could be resolved. Vestibular pathways to the uvula-nodulus offer the possibility for such an experiment. More than 70% of primary vestibular afferents project to folia 9d and 10 in the ipsilateral uvula-nodulus as mossy fibers (Carpenter et al., 1972; Korte, 1979; Kevetter and Perachio, 1986; Barmack et al., 1993a) . Vestibular climbing fibers originate from two subnuclei of the inferior olive, the ␤-nucleus and dorsomedial cell column (dmcc). They cross the midline to synapse on Purkinje neurons in the contralateral uvula-nodulus (Barmack et al., 1993b; Barmack, 1996; Kaufman et al., 1996) (Fig. 1) . The ␤-nucleus and dmcc receive secondary vestibular projections from the ipsilateral parasolitary nucleus, a small GABAergic nucleus that receives a primary vestibular afferent projection (Barmack et al., 1998; Barmack and Yakhnitsa, 2000) . . Vestibular primary afferent mossy fiber and climbing fiber projections to uvulanodulus. Sequences in activation are indicated by solid lines for excitatory pathways and dashed lines for inhibitory pathways, listed numerically. 1, Roll-tilt onto the left side increases primary afferent discharge; 2, primary afferent mossy fibers project to ipsilateral Psol, Y-group, and granule cell layer of nodulus; 3, Psol projects to ipsilateral ␤-nucleus and dmcc; 4, climbing fibers from ␤-nucleus and dmcc project to contralateral nodulus; 5, vestibular nuclei project bilaterally to Y-group; 6, Y-group projects to contralateral dorsal cap, ␤-nucleus, and dmcc; Amb, nucleus ambiguus; ␤, ␤-nucleus; cf, climbing fiber; Cu, cuneate nucleus; dc, dorsal cap; DVN, LVN, MVN and SVN, descending, lateral, medial, and superior vestibular nucleus, respectively; Fl, flocculus; Gc, granule cell; icp, inferior cerebellar peduncle; LRN, lateral reticular nucleus; mf, mossy fiber; LCN, MCN and IntP, lateral, medial and interpositus cerebellar nucleus, respectively; NPH, nucleus prepositus hypoglossi; Nsol, nucleus solitarius; Pc, Purkinje neuron; pf, parallel fiber; PFl, paraflocculus; PO, principal olive; Psol, parasolitary nucleus; sol, tractus solitarius; SpV, spinal trigeminal nucleus; spV, spinal trigeminal tract; X, dorsal motor nucleus of the vagus; XII, hypoglossal nucleus; VI, abducens nucleus; Y, Y-group: 8n, auditory-vestibular nerve.
num globe, 4.4 cm in diameter. The globe was attached to the shaft of a gimbal-mounted galvanometer directly above the head of the rabbit (Leonard et al., 1988) . The globe projected rectangular images (3 ϫ 8°) of the filament on the interior surface of the large sphere. These images were spaced 15°apart, with the long axis orthogonal to the plane of rotation. The maximal intensity (I Max ) of the image was measured with a spot photometer that had a 0.5 mm slit opening. The minimal intensity (I Min ) was measured from the space in between the projected rectangular images. The contrast (K) of the projected images was: K ϭ (I Max Ϫ I Min )/ (I Max ϩ I Min ) ϭ 0.48. For horizontal optokinetic stimulation (OKS), the rotational axis of the gimbal-mounted globe was aligned with the vertical axis. For vertical OKS, it was aligned with the longitudinal axis or one of the axes of the vertical semicircular canals. Sinusoidal, monocular OKS had a constant amplitude (Ϯ10°) over a frequency range of 0.005-0.200 Hz.
Results

Vestibularly evoked CFRs and SSs within uvula-nodular zones
The CFRs of Ͼ90% of the Purkinje cells recorded in folia 9c,d and 10 were modulated by sinusoidal and static roll-tilt. Ipsilateral roll increased CFRs and decreased SSs (Fig. 2 A-C) . The rotational angle of the head with respect to the vertical axis was changed systematically to determine the angle at which roll-pitch stimulation caused no modulation of CFRs or SSs; the null plane ( Fig. 2 B 1,2 ). The optimal plane was orthogonal to the null plane ( Fig. 2 A 1,2 ). Optimal planes of most Purkinje cells were aligned with bilateral pairs of vertical semicircular canals, ipsilateral posterior-contralateral anterior or ipsilateral anterior-contralateral posterior semicircular canals. Optimal CFR planes aligned with the ipsilateral posterior-contralateral anterior semicircular canals were distributed in a medial sagittal zone extending from the midline to ϳ1.2 mm lateral to the midline. Optimal CFR planes aligned with the ipsilateral anterior-contralateral posterior semicircular canals were distributed in a more lateral sagittal zone starting at ϳ1 mm and extending to 2.2 mm lateral of the midline (Fig. 2 D) . Although modulation of CFRs was observed in folia 9a,b, the distinction between zonal alignments was obscured. In 10% of the cells within the two zones, CFRs and SSs were unresponsive to vestibular stimulation. The alignment of CFR zones corresponding to the orientation of vertical semicircular canals was not altered by a UL.
Modulated SSs persist in the ipsilateral uvula-nodulus after UL
If modulation of SSs were dependent on intact ipsilateral vestibular primary afferents, then it should be abolished by the destruction of these afferents. After a UL, modulation of SSs and CFRs in ipsilateral Purkinje cells persisted (Fig. 3) . CFRs increased and SSs decreased when the rabbit was rolled onto the side ipsilateral to the UL.
The antiphasic interaction of CFRs and SSs was evident in peristimulus histograms (Fig. 3B-D) . Each cycle of vestibular stimulation was divided into 180 bins. Two separate sets of bins were kept for SSs and CFRs. Interspike intervals were summed in each bin and divided by the number of spikes, yielding a mean interspike interval. The reciprocal of this mean interval, frequency, was plotted for each bin in the cycle.
Peri-CFR-triggered histograms were used to examine whether the modulation of SSs was time locked to the occurrence of CFRs. Two methods of constructing peri-CFR-triggered SS histograms were used. The first calculated mean frequency using the reciprocal of the mean SS interspike interval, as described above (Fig.  3E) . The second used the total spike count in each bin divided by the total number of CFR-triggered sweeps multiplied by bin width (Fig. 3F ) . The first method preserved information about interspike intervals and provided a lower variability of SS frequency, especially with reduced numbers of CFR-triggered sweeps. Both methods showed that the discharge frequency of SSs was reduced for 50 -80 msec after the occurrence of a CFR. Using the first method, the CFR-associated SS pause was measured from the end of the CFR until two successive SS bins had a frequency that was at least 90% of the pre-CFR frequency (Barmack and Shojaku, 1995) . Using this method, the SS pauses evoked in Figure 3E were 78 msec (n ϭ 15) and 75 msec (n ϭ 150).
The effect of stimulus frequency on CFR-associated antiphasic modulation of SSs was examined in nodular Purkinje cells, ipsilateral to a UL. We asked whether the duration of the SS pause was related to the depth of modulation (D m ) of CFRs during sinusoidal stimulation. D m was determined by an iterative search in which the difference in mean CFR frequency in two 90°quad-rants of the sinusoid, separated by 180°, was maximized. Accordingly: CFRs and SSs are modulated in a Purkinje cell ipsilateral to UL. A, Purkinje cell was located 1.7 mm lateral to the midline and ipsilateral to the UL. The optimal plane for modulating CFRs was orthogonal to the longitudinal axis. B, CFRs and SSs, modulated by sinusoidal stimulation at 0.2 Hz, are displayed as vertical lines (CFRs) and instantaneous frequency dot displays (SSs). C, Action potentials are illustrated at a faster time base. D, Peristimulus histograms reveal antiphasic modulation of CFRs (black bars) and SSs (gray bars). E, F, Peri-CFR-triggered SS histograms were constructed using two different methods. In E, Mean rate ϭ 1/(͚ interspike intervals in bin)/(spike count in bin). In F, Mean rate ϭ (spike count in bin)/(bin width)(total CFR-triggered sweeps). Both methods sorted the SSs into 180 bins. The histograms in E and F show different totals of CFR-triggered sweeps, 15 and 150. Bin width, 2.78 msec. D m ϭ 100%, when modulated discharge is restricted to one quadrant. D m ϭ 0%, when CFR frequency is equal in all quadrants.
In a population of 15 Purkinje cells, CFRs and SSs were recorded over a range of stimulus frequencies. We used a 2 statistic to compare D m of CFRs and SSs at stimulus frequencies of 0.05, 0.20, and 0.50 Hz. D m was independent of stimulus frequency ( 2 ; p Ͼ 0.08 for CFRs; p Ͼ 0.38 for SSs). Whereas lower stimulus frequencies evoked greater modulation than did higher stimulus frequencies, the modulation was distributed over a wider segment of each stimulus cycle (Fig. 4 D-F ) . The CFRassociated pause in SSs remained relatively constant. It was 95 msec at 0.05 Hz, 103 msec at 0.20 Hz, and 116 msec at 0.50 Hz ( Fig. 4G-I ). It is possible D m of vestibularly modulated SSs simply reflected the magnitude of a CFR-associated SS pause.
In some Purkinje cells, the duration of the CFR-associated SS pause was short, but the antiphasic modulation of SSs was large (Fig. 5) . Ipsilateral roll-tilt evoked increased discharge of CFRs and decreased discharge of SSs over a range of stimulus frequencies (0.01-0.20 Hz) ( Fig. 5C-F ) . The peri-CFR-triggered pause lasted Ͻ10 msec, suggesting that the CFR-associated SS pause was not directly coupled to D m of SSs evoked by vestibular stimulation in this particular Purkinje cell ( Fig. 5G-I ).
The variable relationship between D m for SSs and the duration of CFR-associated SS pause may reflect the action of several rather than one climbing fiber acting on cerebellar interneurons organized in a sagittal climbing fiber zone (Fushiki and Barmack, 1997) . Modulation of SSs is only indirectly linked to the occurrence of a CFR in the same Purkinje cell. A linear regression analysis of the CFR-associated SS pause and D m for SSs shows that these two variables are not correlated (r ϭ 0.16; p Ͼ 0.38; n ϭ 28). (Fig. 6 ). Peri-CFR SS histograms showed SS pauses time locked to the occurrence of CFRs. Although the antiphasic discharge of CFRs and SSs was preserved in contralateral as well as ipsilateral Purkinje cells, the duration of the relative SS pause was reduced contralaterally compared with the ipsilateral pause. In a population of 49 Purkinje cells, the duration of the SS pause was greater in Purkinje cells ipsilateral to the UL (ipsi, n ϭ 28, mean pause ϭ 64 msec; vs contra, n ϭ 21, mean pause ϭ 46 msec; two-tailed t test; p Ͻ 0.05) (Fig. 6E,H) . Again, the CFR-associated SS pause was not correlated with D m (r ϭ 0.13; p Ͼ 0.55; n ϭ 21).
Antiphasic discharge of CFRs and SSs in the contralateral uvula-nodulus after UL
The persistence of contralateral CFRs implies that the circuit drawn in Figure 1 is incomplete. The ipsilateral vestibular projection through the Psol is not the only source of vestibular signaling to the ipsilateral inferior olive. Modification of this circuitry is considered in Discussion.
Bilateral labyrinthectomy prevents modulation of both CFRs and SSs
One of the possibilities suggested by the persistence of contralateral CFRs after UL is that extra-vestibular inputs to the inferior olive modulate olivary neurons in the absence of vestibular primary afferents. We tested this possibility by recording from 16 Purkinje cells in the uvula-nodulus of an acutely, bilaterally, labyrinthectomized rabbit. None of the CFRs or SSs was modulated by dynamic or static roll-pitch. Quantitative differences in CFRs-SSs in ipsilateral and contralateral uvula-nodulus after UL D m and phase angle were plotted in polar coordinates for CFRs and SSs ipsilateral and contralateral to the UL (Fig. 7A 1 , 2 ) . D m decreased with increasing spontaneous activity. Phase was measured as the peak increase in discharge relative to head position. A response with a phase ϭ 0°indicates a maximum D m at ipsilateral side-down position.
The resultant vectors for CFRs in the ipsilateral and contralateral uvula-nodulus were 55% at 1°and 69% at 350°, respectively. The resultant D m and phase for SSs were 8% at 181°and 6% at 141° (Fig. 7A 1,2 ). Differences between CFRs and SSs for the two sides were tested for statistical significance using Batschelet's parametric two-sample second-order analysis of angles (Zar, 1984) . The resultant vectors for CFRs and SSs recorded from Purkinje cells ipsilateral to the UL were not different than those recorded contralaterally (two-tailed F test: CFRs, p Ͼ 0.50; SSs, p Ͼ 0.40; n ϭ 49).
Although the resultant vectors for CFRs and SSs did not differ, a different picture emerged when the absolute modulation depth, D m ϭ Max 90 Ϫ Min 90 , of CFRs and SSs was compared for the two sides ( Fig. 7B 1,2 ) . 
Microlesions of ␤-nucleus reduce modulated CFRs and SSs in contralateral uvula-nodulus
Although UL failed to eliminate vestibularly modulated CFRs in the contralateral uvula-nodulus, it reduced the CFR-associated modulation of SSs. This suggests two possibilities: (1) the descending vestibular pathway from the parasolitary nucleus to the ␤-nucleus and dmcc conveys bilateral vestibular information, or (2) an additional descending vestibular pathway influences the discharge of inferior olivary neurons. If either of these possibilities were correct, vestibular information would still converge on the ␤-nucleus and dmcc before being relayed to the contralateral uvula-nodulus. Therefore, we attempted to disrupt descending vestibular afferents at their site of termination in the caudal ␤-nucleus rather than at their origin (Barmack et al., 1998) .
The uvula-nodulus is divided into sagittal zones defined by the optimal planes of CFRs (Fig. 2) . This functional division between CFRs driven by vestibular stimulation in the plane of the ipsilateral posterior and anterior semicircular canals is also represented in the rostral-caudal axis of the ␤-nucleus. Olivary neurons in the rostral ␤-nucleus have optimal planes corresponding to the plane of the ipsilateral posterior semicircular canal. Neurons in the caudal ␤-nucleus have optimal planes corresponding to the plane of the ipsilateral anterior semicircular canal (Fig. 8 B, open circles) (Barmack et al., 1993b) . Caudal ␤-nucleus neurons project to a medial zone in the contralateral uvula-nodulus. Ros- tral ␤-nucleus neurons project to a lateral zone in the contralateral uvula-nodulus (Fig. 8 B, filled circles) (Sato and Barmack, 1985) . In five rabbits, we identified the caudal half of the ␤-nucleus by recording from single olivary neurons during vestibular stimulation (Fig. 8 A) . Microlesions (10 -25 A, 30 sec; electrode negative) were made at physiologically identified locations. These microlesions destroyed 30 -70% of the caudal ␤-nucleus. With one exception, R271, the microlesions minimally invaded the rostral ␤-nucleus (Fig. 8 B, C) .
By restricting the microlesions to the caudal half of the ␤-nucleus, the region containing cells responsive to vestibular stimulation in the plane of the ipsilateral anterior semicircular canal, we could use activity in the ipsilateral lateral and contralateral medial zones as experimental controls. After the microlesion, four recording tracks were made alternately in the ipsilateral and contralateral uvula-nodulus. At the conclusion of each penetration, several marking lesions (8 A, 30 sec; electrode negative) were made at depths corresponding to recorded Purkinje cells. These were recovered histologically and plotted on a twodimensional map of the uvula-nodulus (Fig. 9A) . The left half of each symbol characterizes the discharge of the CFR. The right half characterizes the SS. A quantitative comparison of the CFRs and SSs from the contralateral and ipsilateral medial zones was made by a vectorial representation of the data (Fig. 9B) . The mean ipsilateral CFR vector exceeded the contralateral CFR vector (Ipsi-D m ϭ 43.9%, phase ϭ 47.6°vs Contra-D m ϭ 7.8%, phase ϭ 20.3°). Differences between CFRs and SSs for the two sides were tested for statistical significance using Batschelet's parametric two-sample secondorder analysis of angles (Zar, 1984) . The resultant vector for ipsilateral CFRs exceeded the resultant vector for contralateral CFRs Each of five rabbits is identified by number at the level of the transverse section for which its microlesion was largest: R239, blue; R248, green; R269, gray; R270, yellow; R271, red. The locations of 18 ␤-nucleus neurons, characterized by their optimal planes, are also indicated. Ten of these neurons (filled circles) had optimal planes aligned with the ipsilateral posterior semicircular canal. Eight neurons (open circles) had optimal planes aligned with the ipsilateral anterior semicircular canal. Neurons with optimal planes aligned with the ipsilateral posterior semicircular canal were located rostral to the section at 925 m. Those with optimal planes aligned with the ipsilateral anterior semicircular canal were located caudal to the section at 1200 m. C 1 , Photomicrograph of a transverse section, stained with neutral red, shows the maximal extent of the microlesion (R248) made in the right caudal ␤-nucleus. C 2 , The, microlesion is illustrated schematically at a level 925 m rostral to the caudal pole of the inferior olive. ␤, ␤-Nucleus; Cu, external cuneate nucleus; DAO, dorsal accessory olive; DVN, descending vestibular nucleus; dc, dorsal cap of Kooy; icp, inferior cerebellar peduncle; MAO, medial accessory olive; MVN, medial vestibular nucleus; Nsol, nucleus solitarius; Psol, parasolitary nucleus; Pyr, pyramidal tract; sol, tractus solitarius; SpV, spinal trigeminal nucleus; spV, spinal trigeminal tract; vlo, ventrolateral outgrowth; X, dorsal motor nucleus of the vagus; XII, hypoglossal nucleus; XII n, hypoglossal nerve.
(one-tailed F test; p Ͻ 0.0005). (Fig. 9C) .
Differences between CFR and SS resultant vectors were also compared for the lateral zones of the ipsilateral and contralateral uvula-nodulus. Although we attempted to restrict the microlesion to the caudal half of the ␤-nucleus, the microlesions encroached on the rostral ␤-nucleus, where cells have optimal planes corresponding to the ipsilateral posterior and contralateral anterior semicircular canals. There were no significant differences between CFR and SS resultant vectors when the lateral zones were compared. For CFRs, Ipsi-D m ϭ 25.2%, phase ϭ 56.2°v
ersus Contra-D m ϭ 29.6%, phase ϭ 30.2°; one-tailed F test, p Ͼ 0.2. For SSs, Ipsi-D m ϭ 10.5%, phase ϭ 220.5°versus Contra-D m ϭ 6.2%, phase ϭ 194.6°; onetailed F test, p Ͼ 0.2.
Unequivocal identification of Purkinje cells depends on the detection of CFRs. However, microlesions in the ␤-nucleus caused a loss of CFRs in most of the cells recorded in the medial zone of the contralateral uvula-nodulus. Cells without CFRs were classified as Purkinje cells if two conditions were fulfilled: (1) the marking microlesions of these putative Purkinje cells were localized to the Purkinje cell layer, and (2) their recorded depth corresponded to a region of high background activity, characteristic of the Purkinje cell layer.
Microlesions of ␤-nucleus have nominal effect on spontaneous SSs in contralateral uvula-nodulus
Large lesions of the inferior olive raise the spontaneous discharge of SSs in Purkinje neurons (Benedetti et al., 1983) . If the spontaneous SS discharge rate were raised to saturation, then it could obscure signal processing normally reflected in modulated SS discharge. In the present experiment, microlesions of the ␤-nucleus evoked a modest increase in the spontaneous discharge of SSs in Purkinje cells in the medial zone of the contralateral uvula-nodulus. Contralateral, medial zone Purkinje cells had a spontaneous SS discharge rate ϭ 33.4 imp/sec. Purkinje cells in the ipsilateral medial zone had a spontaneous SS discharge rate ϭ 30.6 imp/sec. This slight elevation in SS frequency in Purkinje cells in the contralateral medial zone was not significant (onetailed t test; p Ͼ 0.60). Therefore, the loss of SS modulation after olivary microlesions cannot be attributed to an abnormally elevated discharge rate.
Discussion
Vestibular primary afferent mossy fibers do not modulate SSs in nodular Purkinje cells
Modulation of vestibular primary afferent mossy fibers cannot account for the observed modulated discharge of SSs in rabbits with either intact or damaged labyrinths. In normal rabbits, primary vestibular afferent mossy fiber terminals discharge in phase with ipsilateral side-down rotation (Barmack and Shojaku, 1995) . However, SSs discharge out of phase with ipsilateral sidedown rotation. If this out of phase modulation of SSs were caused by the action of ipsilateral vestibular primary afferent mossy fibers, a sign inversion would be required. This raises the possibil- ity that either primary vestibular afferents are themselves inhibitory or an inhibitory synapse is interposed between the mossy fiber glomerular synapse on granule cells or between the parallel fiber synapse on Purkinje cells.
The possibility of such a sign inversion at the level of vestibular primary afferents is consistent with the observation that 12% of vestibular primary afferents express both glutamate and glycine (Reichenberger and Dieringer, 1994) . If these glycinergiccontaining primary afferents were inhibitory, they could account for the observed antiphasic modulation of CFRs and SSs in normal rabbits. However, this explanation would ignore the influence of the 88% of vestibular primary afferents that release glutamate exclusively at the glomerular synapse. Glutamatergic mossy fibers activate kainate and metabotropic glutamate receptors (Raymond et al., 1984; Wisden and Seeburg, 1993; Yamanaka et al., 1997; Smith et al., 1999) . Even if glycinecontaining vestibular primary afferents were inhibitory, resulting in antiphasic modulation of CFRs and SSs in normal rabbits, they could not account for the persistence of the antiphasic modulation after a UL.
GABA is released by Golgi cell axon terminals at the glomerulus (Hámori and Takács, 1989) . It binds to GABA A receptors on the granule cell dendrite (Rossi and Hamann, 1998; Hamann et al., 2002) .
Glutamate is released by parallel fibers at synapses on Purkinje cell dendrites, where it stimulates AMPA/kainate and metabotropic glutamate receptors (Somogyi et al., 1986; Kingsbury et al., 1988; Hirano and Hagiwara, 1988; Ottersen et al., 1992; Glaum et al., 1992; Barbour et al., 1994) .
The assertion that glutamatergic vestibular primary afferent mossy fibers are not the principal modulatory influence on Purkinje cell SSs rests on two observations. First, modulated SSs are out of phase with the afferent signal of vestibular primary afferents. Second, when vestibular primary afferents are severed, the modulation of SSs persists.
Do secondary vestibular afferents modulate SSs?
Secondary vestibular afferents could modulate SSs even in the absence of primary vestibular afferents. Unlike vestibular primary afferents, secondary afferents project bilaterally to folia 9d and 10 (Brodal and Hoivik, 1964; Magras and Voogd, 1985; Thunnissen et al., 1989; Epema et al., 1990; Barmack et al., 1992) . A UL would not exclude the possibility of modulated vestibular secondary afferents from the contralateral vestibular complex. However, a UL not only acutely depresses activity in the ipsilateral vestibular complex for at least 10 hr, it also depresses activity in the contralateral vestibular complex (Precht et al., 1966; Smith and Curthoys, 1988; Ris et al., 1997; Ris and Godaux, 1998) . Our experiments typically lasted 6 hr after the UL. It is possible, but unlikely, that residual secondary afferent signals from either the ipsilateral or contralateral vestibular complex contributed to modulated SSs after UL.
Antiphasically modulated CFRs and SSs were observed in cerebellar folia 9a and 9b in both normal and UL rabbits. This modulation occurred even though the projection of vestibular primary and secondary afferent mossy fiber afferents is severely reduced compared with the projections to folia 9c, 9d, and 10 ( Korte and Mugnaini, 1979; Barmack et al., 1993a; Fushiki and Barmack, 1997) .
Vestibular secondary afferents could have a nonlabyrinthine origin, perhaps from visceral receptors. Such afferents might sustain modulated SSs even after a bilateral labyrinthectomy. However, we observed no vestibular modulation of either CFRs or SSs in acutely, bilaterally labyrinthectomized rabbits. Similarly, modulated activity in vestibular secondary neurons is absent in acutely, bilaterally labyrinthectomized cats. In chronically, bilaterally labyrinthectomized cats, secondary vestibular neurons can be weakly modulated by vestibular stimulation (static pitch). This modulated activity is only observed several weeks after the operation and in only 27% of the recorded neurons (Yates et al., 2000) .
Specificity of granule cell function
Posterior, anterior, and horizontal semicircular canal mossy fiber afferents project to the granule cell layer of the ipsilateral nodulus, whereas a majority of saccular afferents project to the ipsilateral uvula (Purcell and Perachio, 2001; Maklad and Fritzsch, 2003) . The utricular macula projects to both nodulus and uvula. Interestingly, whereas horizontal semicircular canal primary afferent mossy fibers project to the nodulus, we recorded no horizontal vestibular modulation of SSs, or CFRs, in nodular Purkinje cells in this experiment or in previous experiments (Barmack and Shojaku, 1995; Fushiki and Barmack, 1997) . The horizontal semicircular canals are not represented in either the Psol projection to the inferior olive (Barmack et al., 1993b; Fushiki and Barmack, 1997; Barmack and Yakhnitsa, 2000) , or in the olivary projection to the uvula-nodulus (Barmack and Shojaku, 1995; Fushiki and Barmack, 1997) .
The possible influences of vestibular primary mossy fiber afferents are not restricted to regions of mossy fiber afferent termination. Vestibular primary afferent signals are dispersed bilaterally by parallel fibers (4 -7 mm long) across the entire width of a folium (Brand et al., 1976; Mugnaini, 1983; Pichitpornchai et al., 1994) . In contrast, climbing fiber projections are arrayed on the surface of the uvula-nodulus in a coordinate system defined by sagittal transfolial zones in which reciprocal pairs of vertical semicircular canals are represented. The polarization vectors of both CFRs and SSs conform to these climbing fiber sagittal zones. Consequently, vestibular primary mossy fiber afferent projections do not account for the topographic specificity of modulated SSs.
The extended length of parallel fibers makes it improbable that the topographic specificity of mossy fiber afferents and granule cell "patches" is preserved in the overlying Purkinje cell layer. This apparent puzzle has prompted a suggestion that topographic specificity is preserved by means of multisynaptic contacts of ascending granule cell axons (Jaeger and Bower, 1994; Gundappa-Sulur et al., 1999) . Regardless of the merits of this conjecture, the observed modulation of SSs in the present experiment was 180°out of phase with the expected discharge evoked by either ascending axons or parallel fibers contacted by ipsilateral vestibular primary afferents.
Each Purkinje cell in a transfolial beam receives a spatially discrete climbing fiber signal representing a single plane of head movement. In contrast, because of the extended length of parallel fibers, each Purkinje cell receives spatially heterogeneous parallel fiber signals representing all possible planes of head movement, encoded by both ipsilateral and contralateral vestibular end organs.
Cerebellar circuitry and SS modulation
We suggest that the antiphasic modulation of CFRs and SSs can be ascribed the action of cerebellar interneurons in response to climbing fiber modulation. Here, we consider whether there are a priori reasons for supposing that one of the several cerebellar interneurons is more likely to account for the observed antiphasic modulation of CFRs and SSs.
Golgi cells
Three observations suggest that Golgi cells may be responsible for the SS modulation. First, cerebellar glomeruli are the principal sites of termination of mossy fibers. Each glomerulus consists of as many as 40 granule cell dendrites, a mossy fiber rosette, and an axon terminal from a Golgi inhibitory interneuron (Hámori and Szentágothai, 1966; Eccles et al., 1966b; Fox et al., 1967) . Either of the excitatory mossy fiber terminal or the inhibitory Golgi cell axon terminal could, in principle, modulate the activity of granule cells and, in turn, modulate SSs. Second, Golgi cell axonal terminals have extensive ramifications in the granule cell layer. This allows a spatially restricted climbing fiber signal to influence the activity of large numbers of granule cells. Third, Golgi cells are the only cerebellar interneurons onto which climbing fibers synapse (Hámori and Szentágothai, 1966; Desclin, 1976; Hámori and Szentágothai, 1980; Sugihara et al., 1999) . This raises the possibility that climbing fiber-evoked Golgi cell activity could influence SS discharge in Purkinje cells by modulating granule cell discharge.
Vestibularly modulated primary afferent signals, conveyed through granule cell-parallel fibers to Golgi cell dendrites, offer an alternative mechanism for antiphasic modulation of CFRs and SSs. If this circuitry were operative, UL-induced loss of vestibular primary afferent signaling would reduce its efficacy. No such change in the antiphasic discharge of CFRs and SSs was observed in the ipsilateral uvula-nodulus after a UL.
Unipolar brush cells
Other interneurons also could influence the discharge of SSs, including unipolar brush cells (UBCs). UBCs are found in abundance in the uvula-nodulus (Diño et al., 2000) . They receive vestibular primary afferent projections and appear to amplify this vestibular signal through synaptic feed-forward excitation of granule cells. Therefore, UBCs should enhance, not reduce, vestibular mossy fiber synaptic signals at granule cells.
Basket cells
The dendrites of basket cells, like those of Golgi cells, are contacted by parallel fibers. Basket cells could influence the activity of Purkinje cells through their inhibitory action on Purkinje cell bodies. However, basket cells receive no direct synaptic contacts from climbing fibers (Desclin, 1976; Hámori and Szentágothai, 1980) .
Stellate cells
The dendrites of stellate cells, like those of basket and Golgi cells, receive synaptic contacts from parallel fibers. Stellate cell axon terminals end on Purkinje cell dendrites (Eccles et al., 1967) . Like basket cells, stellate cells receive no direct synaptic contacts from climbing fibers.
Lugaro cells
Located in the upper granule cell layer, Lugaro cells could, in principle, contribute to the antiphasic modulation of CFRs and SSs. Lugaro cells receive projections from Purkinje cells and feed back on basket cells in the molecular layer and Golgi cells in the granule cell layer (Palay and Chan-Palay, 1974; Lainé and Axelrad, 1996) . Although lacking a climbing fiber input, these cells nevertheless could provide antiphasically modulated signals from one group of Purkinje cells to an adjacent group.
The general hypothesis that an interneuronal substrate causes antiphasic modulation of CFRs and SSs and the specific hypothesis that the Golgi cell is the interneuron most likely to implement this function, remain plausible. Experiments directed at the analysis of specific signal processing of identified cerebellar interneurons should improve our understanding of the contributions of cerebellar interneurons to the genesis of antiphasic behavior of CFRs and SSs.
Alternative vestibular projections to inferior olive
Vestibularly modulated CFRs persist in the contralateral uvulanodulus after a UL. This observation suggests that the vestibular projection through the parasolitary nucleus (Psol) to the ipsilateral inferior olive is not the only pathway by which vestibular information reaches the ␤-nucleus and dmcc (Fig. 1, #2,#3) . Using retrograde and orthograde traces, we have shown that the Y-group, a collection of small, spindle-shaped cells ventral to the interpositus nucleus, projects to the contralateral ␤-nucleus, dmcc, and dorsal cap (Fig. 1, #6 ) (our unpublished observations). Y-group neurons receive primary and secondary vestibular afferents (Kevetter and Perachio, 1986; Blazquez et al., 2000) and project to the ipsilateral flocculus-nodulus as well as the contralateral oculomotor complex and inferior olive (De Zeeuw et al., 1994; Wentzel et al., 1995) .
Y-group neurons are labeled immunohistochemically by an antibody to aspartate, rather than to GABA (Kumoi et al., 1987) . The projection from the Y-group to the inferior olive implies that olivary projection conveys bilateral vestibular information to the cerebellum. UL causes a loss of the descending input to the inferior olive from the ipsilateral Psol. Residual signals from the intact contralateral labyrinth, relayed through the Y-group, are sufficient to modulate CFRs and SSs. Possibly, the projection from the Y-group to the contralateral ␤-nucleus is excitatory and acts reciprocally with the inhibitory projection mediated by the ipsilateral Psol.
Modulation of SSs without modulation of CFRs
Although it is tempting to assume that high-frequency SSs are "caused" by activity conveyed over the mossy fiber-granule cellparallel fiber pathway, this overstates the synaptic weight of mossy fiber afferents, understates the influence of the climbing fiber pathway, and misrepresents the rich varieties of interactions that emerge from the two afferent systems.
If it were possible to sever completely the climbing fiber projection to the cerebellum, then modulation of SSs could not be attributed directly or indirectly to residual olivary activity. CFRs in floccular Purkinje cells have been reversibly inactivated by microinjections (1-10 nl) of lidocaine into the contralateral dorsal cap (Leonard and Simpson, 1986) . After inactivation of a subset of dorsal cap neurons, modulation of SSs persisted in a floccular Purkinje cell during horizontal optokinetic and vestibular stimulation. However intriguing, this experiment does not warrant the conclusion that SS modulation is independent of CFR modulation. Rather, it shows that modulation of SSs in a particular Purkinje cell may be independent of the modulation of the climbing fiber that projects to that same Purkinje cell. Horizontal optokinetic and vestibular modulation of SSs in a floccular Purkinje cell might be influenced by climbing fibers that project to adjacent Purkinje cells and activate common interneuronal circuitry. Such an interpretation is consistent with the classic observation that SS pauses are induced by electrical stimulation of the inferior olive, even when the electrical stimulus is subthreshold for evoking a CFR in the Purkinje cell from which SSs are recorded (Bloedel and Roberts, 1971) .
Modulation of SSs in a nodular Purkinje cell depends on the location of the Purkinje cell within a functional zone. The depth of SS modulation is greater for Purkinje cells located in the center of a climbing fiber zone (Fushiki and Barmack, 1997) . Conversely, SS modulation is weaker in Purkinje cells located near a zonal border.
Short-term and long-term functions of CFRs
The low frequency of discharge of CFRs has been rationalized theoretically by ascribing to it "higher order" functions. CFRs have been likened to "phasic motor generators" (Berthoz and Llinás, 1974) , "threshold devices" (Murphy et al., 1973) , "event detectors" (Rushmer et al., 1976) , "error detectors" (Andersson and Armstrong, 1987) , "frequency synchronizers" (Llinás and Yarom, 1986) , and "gain changers" (Ebner and Bloedel, 1981) . Implicit in these views is the assumption that discharge of CFRs is either too low or too intermittent to encode faithfully cerebellar inputs. These conjectures do not apply to CFRs modulated by vestibular and optokinetic stimulation in the nodulus and flocculus. These modes of stimulation are encoded parametrically by CFRs (Simpson and Alley, 1974; Barmack and Hess, 1980; Simpson et al., 1981; Fushiki and Barmack, 1997) .
The discharge of CFRs is associated with a reduction of SSs. As discussed previously, this reduction may be caused by Golgi cell inhibition of granule cells or by some other interneuronal mechanism. In the short term, the antiphasic discharge of CFR-evoked antiphasic SS modulation could provide a spatial filter through which CFRs with a high spatial resolution and low bandwidth modulate SSs with a low spatial resolution and high bandwidth.
In the long term, climbing fibers could modulate SSs through the cellular mechanism of long-term depression (LTD) (Ito et al., 1982; Sakurai, 1987; Ito and Karachot, 1989; Crépel and Jaillard, 1991) . LTD is characterized by reduced synaptic efficacy of parallel fibers after conjunctive stimulation of parallel and climbing fibers (Narasimhan and Linden, 1996) . LTD allows a single climbing fiber to decrease the synaptic influence of a simultaneously active set of parallel fibers. Functionally, a single CFR could change the synaptic weighting of as many as 150,000 granule cells distributed across several functional zones within the cerebellum. LTD may use the topography of CFRs to change the synaptic weighting of parallel fiber inputs with which they are dynamically associated (Ekerot and Jörn-tell, 2001; Jörntell and Ekerot, 2002) .
Climbing fibers not only evoke low-frequency CFRs, but also determine, in part, the topography, polarity, and depth of modulation of higher-frequency SSs. Parallel fibers provide bilateral vestibular information to each Purkinje cell about the status of each end organ. This information is shaped by conjunctive climbing fiber activity.
